The anticoagulant brodifacoum is widely used overseas as a rodenticide, and in New Zealand to control rodents and brushtail possums (Trichosurus vulpecula). The efficacy, behavioural and pathological changes and times to death were compared between Norway rats (Rattus norvegicus) and brushtail possums poisoned with brodifacoum. Caged animals were given brodifacoum in wax or cereal baits, observed for signs of toxicosis and changes in behaviour, then autopsied after death. Brodifacoum caused haemorrhaging and death in both species, and although each showed marked changes in behaviour and pathology, they differed in character, time of onset and duration. Results may be explained in part by species differences in behaviour and half-lives of blood clotting factors.
INTRODUCTION
Brodifacoum is an anticoagulant vertebrate pesticide used worldwide to control a variety of rodents. In New Zealand, it is incorporated in cereal baits for rat and possum control. It interferes with normal blood clotting by preventing vitamin K recycling ( Fig. 1) , which prevents the conversion of inactive precursors into active vitamin K-dependent blood-clotting factors (Thijssen 1995) . Major haemorrhaging and death by respiratory or heart failure are well-documented outcomes.
Increasing attention to animal welfare issues worldwide, coupled with the new, more powerful Animal Welfare Act 1999, has required assessment of the humaneness of current pest control methods. Brodifacoum has been considered inhumane by some (see Kirkwood et al. 1994) , but not all authors agree (Rowsell et al. 1979 ). Thorough humaneness assessments should include behavioural, physiological and pathological measurements. Work on trap humaneness is abundant (e.g. Warburton et al. 2000) , but only recently has attention focused on the humaneness of poisons for rats or possums (Gregory et al. 1998) . This paper focuses on part of our work on the humaneness assessment of poisons used in New Zealand. The efficacy and effects of a lethal dose of brodifacoum on the behaviour, pathology and time until death is compared between Norway rats (Rattus norvegicus) and brushtail possums (Trichosurus vulpecula).
METHODS

Animals and housing
Wild-trapped possums of mixed age and laboratory-bred Norway rats aged 14 weeks, were individually caged with free access to water, fruit and cereal feed pellets, except during brodifacoum exposure when cereal feed pellets were withheld from possums. Rats and possums were kept in separate, temperature-controlled rooms, and acclimatised for at least 6 weeks prior to experiments. Animals that did not die were euthanased with sodium pentabarbitone while under halothane/oxygen anaesthesia. All experiments were conducted with prior approval from the Landcare Research Animal Ethics Committee.
Brodifacoum treatment
Animals were divided into two groups of 12 rats and two groups of 18 possums, each with equal numbers of males and females. One group of each species were not poisoned (controls) and the other group was treated with brodifacoum. Possums had free access to brodifacoum in cereal pellet baits (PESTOFF™, Animal Control Products, Wanganui) nightly for 3 nights (days 0 -2) to simulate exposure in the wild. The concentration of brodifacoum in baits, determined by high-performance liquid chromatography, was 16.6 ± 1.3 mg/kg. Bait intake was recorded each morning and fresh bait replaced each afternoon.
Rats were fed one wax bait containing approximately 50 mg brodifacoum/kg bait (Talon®, ICI Cropcare, Richmond) on 1 evening. Baits were removed and intake recorded after 12 h, or when rats had eaten 0.5 mg brodifacoum/kg body weight (LD 90 ).
Behaviour
To facilitate observations, possum nest boxes and rat nest box lids were removed and rooms kept in continuous light, beginning 5 days before exposure to brodifacoum (day -5). All animals were observed every 15 min for two periods each day and then every 15 min for 24 h during the predicted sickness period, in order to monitor behavioural changes more closely. At each 15-min observation, behaviour and clinical signs of poisoning were noted. Possums were observed between 0800 -0845 h and 1900 -2045 h from day -5 until day 16, then for 24 h from day 17 until day 20. Rats were observed between 0800 -0845 h and 1900 -2045 h from day -5 until day 5, and for 24 h from day 6 until day 8. Cereal feed pellet intake of all animals was recorded at the same time every morning from day -5.
Pathology
All rats and 12 possums were chilled at 4°C immediately after death and autopsied within 8 h. Pathological changes, including internal and external haemorrhages and extravascular blood in body cavities, stifles and hip joints, were recorded.
Statistics
Statistical tests allowed for the sample number reducing over time, as animals died. Changes in the feed intake of rats and possums were analysed by fitting linear mixed-effect models by maximum likelihood using function lme in S-plus 4.5 (MathSoft Inc., Massachusetts). Models were compared using likelihood ratio tests. Bonferroni post-hoc tests were used to determine timing of feed intake changes.
RESULTS
Relative to bodyweight, rats consumed nearly twice as much brodifacoum as possums and died in around one-third the time (Table 1 ). All rats died, whereas two possums did not die and were euthanased on day 50.
Behaviour changes
Feed intake of both species declined after brodifacoum ingestion, differing significantly from that of controls, which remained constant (possums: χ 2 17 =29.31, P<0.05; rats: χ 2 13 =12.82, P<0.001). Thirteen days after initial exposure to brodifacoum (7 days before death), possum feed intake declined markedly, and was significantly reduced at day 15 (t = 4.63, P<0.01). Similarly, rat feed intake declined significantly (t = 5.25, P<0.001) 4 days after brodifacoum ingestion (3 days before death). Rats and possums became less active and less reactive to stimuli after brodifacoum ingestion, showing increased lying and crouching (standing with bent legs and weight over forelegs, back hunched, abdomen tucked up and often with the head down) (Figs. 2 and 3) . Behaviour of untreated possums and rats did not change throughout the experiment. During initial stages of poisoning, behaviour of poisoned rats and possums was similar to controls. Crouching and lying increased markedly in possums 15 days after initial exposure to brodifacoum (5 days before death). There was a corresponding drop in amount of time spent in a typical resting posture (curled) (Fig. 2) . Poisoned rats also showed an increase in crouching and lying, and coincidentally less movement and time spent curled from 4 days after brodifacoum exposure (3 days before death) (Fig. 3) . Throughout prolonged inactivity, poisoned rats and possums also had abnormal postures compared to untreated animals, and obvious clinical signs of poisoning. Clinical signs included external bleeding and pale extremities and were similar between rats and possums, except that four rats were affected by paresis then full paralysis of all limbs, which continued until death. Seven possums were also observed lying prostrate for an average of 2.32 (0.25 -6.25) hours before death and eight rats for 11.4 (0.5 -40.75) hours before death. Rats and possums remained conscious but unmoving during most of this period, except for some occasionally pushing or pulling themselves along the floor.
Pathology
Extensive intramuscular haemorrhaging was more severe and prevalent in rats (8/12) than in possums (3/12). Main areas of haemorrhage in rats were subcutaneous and deep tissue in the thorax (10/12), limbs (7/12) and testes (5/12). By comparison, possums had most haemorrhaging in subcutaneous or deep tissues in the lumbar region (9/12), abdomen (6/12), lungs (8/12), heart (7/12), limbs (6/12), gut (6/12) and testes (4/12). Two rats and one possum had free blood within stifle or hip joints, respectively.
DISCUSSION
All rats and most possums poisoned with brodifacoum died. Two possums that did not die had ingested the lowest and third-lowest brodifacoum doses. However, dose may not be the only factor responsible since other studies have shown wide individual variation in time until death and efficacy within a dose range similar to that in our experiment (Eason and Jolly 1992) .
Both species had a period of normal behaviour after poisoning, followed by a reduction in feed intake at the onset of apparent sickness. During sickness, rats and possums were less active (Figs 2 and 3) , and often adopted abnormal postures. Similar signs in rats given anticoagulants have been reported elsewhere (Rowsell et al. 1979; Cox and Smith 1992) . Possums did not develop the paralysis evident in four of the 12 rats. Rats were in bigger cages relative to their size than possums and were more active, often climbing and jumping. It is possible this caused haemorrhaging around the spine, which could not be easily seen at autopsy. Possums took nearly three times longer to die than rats. The onset of sickness also occurred later in possums and the duration of the sickness period was longer (up to 5 days) than in rats (up to 3 days). Times until death are similar to those reported previously for rats (Redfern et al. 1976; Cox and Smith 1992) and possums (Eason and Jolly 1992) . The species variation in time until death and duration of sickness could be explained by species differences in dose, biochemical response to brodifacoum (including poison absorption, distribution, metabolism and excretion) (Fig. 1) , physiological response to brodifacoum or behaviour.
Dose may be responsible for the observed species variation since rats received a dose twice that of possums relative to bodyweight. However, rats that received similar doses of brodifacoum to possums in this study and in one other (Eason and Jolly 1992) still had relatively shorter times until death. Furthermore, Bachmann and Sullivan (1983) could not establish a relationship between brodifacoum dose and time when clotting factor synthesis was reduced in rats. It is possible dose is not important above a threshold level adequate to reduce blood clotting. Eason et al. (1996) demonstrated that possum blood-clotting time began increasing 2 days after brodifacoum treatment, but was only significantly higher than pretreatment values after 7 days, whereas clotting time peaks within 24 h in rats (Mosterd and Thijssen 1991) . If the biochemical response duration (Fig. 1) was prolonged, time until death may be extended. There is no evidence that brodifacoum absorption or distribution differs between rats and possums (Bachmann and Sullivan 1983; Eason et al. 1996) and in common with similar anticoagulants, brodifacoum is not significantly metabolised by mammals (Bachmann and Sullivan 1983) . In addition, the rate of elimination is unlikely to be important since death occurs in both species before poison levels are reduced enough to have an effect on time of death (Bachmann and Sullivan 1983; Eason et al. 1996) . Once brodifacoum binds to liver, vitamin K cycling and conversion of inactive blood-clotting factors to active factors are likely to stop rapidly, since both processes involve biochemical reactions. Accordingly, these probably do not contribute to species differences in time until death.
By contrast, physiological response time is affected by current levels and halflives of clotting factors in liver (Thijssen 1995) and may be prolonged if alternative, non-vitamin K-dependent clotting factors are utilised to maintain blood clotting (Kerins and MacNicoll 1999) . The half-lives of possum vitamin K-dependent bloodclotting factors have not been determined, but evidence suggests they are longer in possums than rats (Eason et al. 1996; Kerins and MacNicoll 1999) . The lag between the reduction in blood-clotting time and haemorrhage is likely to be similar, at around 2 days for both species (Hermann and Hombrecher 1962; K. Littin, unpubl. data) . However, the lag between haemorrhage onset and death is longer in possums at around 12 days, than in rats (K. Littin, unpubl. data). Possums may have a mechanism to cope with low blood volume (which leads to death), such as can occur in extreme dehydration, if they have evolved to survive arid conditions in Australia.
Species differences in behaviour could affect time until death and duration of suffering by affecting haemorrhage severity and location. For example, we would expect a more severe haemorrhage to cause faster blood loss and hence a shorter time until death. Both species had mild to marked haemorrhaging, but sites of more severe haemorrhaging differed. The site of haemorrhages may be affected by direct abrasion since possums had more haemorrhaging in the area under most pressure in the typical resting posture (lumbar region), compared to rats, which were more active (particularly jumping and climbing) and had most damage in the thorax. Similarly, penned, brodifacoum-poisoned possums in a previous experiment, which jumped and climbed more than caged possums in the current experiment, had more severe haemorrhaging in the thorax and little damage in the lumbar region (K. Littin, unpubl. data).
In conclusion, brodifacoum killed both rats and possums and caused marked changes in behaviour and pathology. However, the changes differed in character between species and behavioural changes occurred later and lasted for longer in possums. Our data suggest there is a prolonged period of sickness during brodifacoum poisoning when rat and possum welfare may be compromised. Details will be published elsewhere. The welfare of poisoned animals could be practically improved by shortening the time until death using drugs that potentiate anticoagulant action (Bachmann and Sullivan 1983) . We intend to pursue this and other options to improve the humaneness of brodifacoum.
